It has been shown that W in its resistive form possesses the largest spin-Hall ratio among all heavy transition metals, which makes it a good candidate for generating efficient dampinglike spin-orbit torque (DL-SOT) acting upon adjacent ferromagnetic or ferrimagnetic (FM) layer. Here we provide a systematic study on the spin transport properties of W/FM magnetic heterostructures with the FM layer being ferromagnetic Co 20 Fe 60 B 20 or ferrimagnetic Co 63 Tb 37 with perpendicular magnetic anisotropy. The DL-SOT efficiency DL ξ , which is characterized by a current-induced hysteresis loop shift method, is found to be correlated to the microstructure of W buffer layer in both W/Co 20 Fe 60 B 20 and W/Co 63 Tb 37 systems. Maximum values of 0.144 DL ξ ≈ and 0.116 DL ξ ≈ are achieved when the W layer is partially amorphous in the W/Co 20 Fe 60 B 20 and W/Co 63 Tb 37 heterostructures, respectively. Our results suggest that the spin Hall effect from resistive phase of W can be utilized to effectively control both ferromagnetic and ferrimagnetic layers through a DL-SOT mechanism. † / 2 s S He J e T J θ = h , where TM SH θ is the internal spin Hall ratio of the TM layer and TM e J represents the longitudinal charge current density flowing in the TM layer. TM/FM int T represents the spin transparency at the TM/FM interface [12,13] (note that TM/FM int 1 T = for a perfect transmission), which is related to the spin-mixing conductance [14,15]. The transmitted spin angular momentum from s J can be transferred to the magnetic moments in FM through a spin-transfer torque mechanism [16]. The final effect is therefore a dampinglike spin-orbit torque (DL-SOT) acting upon the FM layer, and the DL-SOT efficiency of a TM/FM bilayer heterostructure can be expressed as
I. INTRODUCTION
The spin Hall effect (SHE) [1] [2] [3] is the phenomenon of conduction electrons with different spin orientations being deflected to different transverse directions due to spin-orbit interactions in materials.
Among all classical materials (excluding emergent materials systems such as topological insulators), 5d transition metals (TM) like Pt [4] , Ta [5] , and W [6] are reported to have significant SHE. In order to utilize the SHE from these materials, transition metal/ferromagnetic metal (TM/FM) bilayer heterostructures are typically employed to observe SHE-induced magnetization switching [5, 7] , domain-wall motion [8, 9] , and dynamics [10, 11] . In a TM/FM bilayer structure, the SHE-induced transverse spin current s J that quantifies the spins being absorbed by the FM layer can be expressed For TMs, W has been reported to possess the largest internal spin Hall ratio and DL-SOT efficiency at room temperature, 0.30 DL ξ ≈ [17] . The efficacy of the SHE from W has been demonstrated and characterized through DL-SOT switching measurements [6, 18, 19] , harmonic voltage methods [20] , spin-pumping measurements [21] , spin-Hall magnetoresistance measurements [22] [23] [24] , and optical approaches [25, 26] . The strength of the SHE in W is also known to be strongly phase dependent: The resistive β-phase or amorphous phase has been experimentally shown to have greater SHE and DL-SOT efficiency while compare to the conductive α-phase or crystalline phase [6, 22, 26] .
In this work, we provide a detailed systematic study on the DL-SOT efficiencies DL ξ from two series of W/FM magnetic heterostructures using a newly-developed hysteresis loop shift measurement method [27] . The FM layers that we employed are perpendicularly-magnetized ferromagnetic Co 20 Fe 60 B 20 and ferrimagnetic Co 63 Tb 37 . Ferromagnetic Co-Fe-B is a classical FM layer for magnetic tunnel junctions [28, 29] and SHE three-terminal device applications [5, 30] , whereas ferrimagnetic
Co-Tb and Co-Gd alloys have been adopted to study SOT behavior near the compensation point of the FM layer [31] [32] [33] 
III. RESULTS FROM W/Co-Fe-B HETEROSTRUCTURES

A. Magnetic properties and microstructures
We first characterize magnetic anisotropy of W/Co-Fe-B heterostructures with magneto-optical Kerr effect (MOKE). As shown in Fig. 1 
B. Hysteresis loop shift measurements
To systematically characterize the DL-SOT efficiency from W/Co-Fe-B heterostructures, we perform the current-induced hysteresis loop shift measurements [27, 31, 36] on patterned Hall-bar devices, as shown in Fig. 2 
The estimated magnitudes of DL-SOT efficiency DL ξ as well as relevant magnetic and electrical properties as functions of W buffer layer thickness are summarized in Fig. 3 . The W buffer layer thickness dependence of out-of-plane coercive field c H ( Fig. 3(a) ) again verifies the microstructure evolution from amorphous to crystalline phase mentioned earlier. Resistance (Fig. 3(b) ) and inverse of resistance ( Fig. 3(c Fig. 3(d 
C. Demonstration of spin-orbit torque switching
In order to demonstrate current-induced DL-SOT switching in these heterostructures, as shown in Fig. 4(a) , we apply an in-plane bias field 80 Oe x H = to realign magnetic domain wall moments [39] to facilitate domain expansion. A pulse of charge current with amplitude sw I and pulse width 50 ms is sent into the device to generate a pulsed spin current from the SHE of W buffer layer. The resulting SHE-induced DL-SOT acting on the adjacent Co-Fe-B layer will switch the magnetization when sw I reaches a critical value. As shown in Fig. 4(b) , a representative W(4)/Co-Fe-B(1.4) device can be reversibly switched between two magnetization states by critical switching current of ~0.6 mA , which corresponds to critical switching current density 
IV. RESULTS FROM W/FERRIMAGNETIC BILAYERS
A. DL-SOT characterization
Recently, it has also been shown that SOT from 5d transition metals (Ta and Pt) or topological insulators (Bi 2 Se 3 ) can be utilized to control magnetic moments in a ferrimagnetic layer such as Co-Tb and Co-Gd [31] [32] [33] 43] . However, a detailed study on DL-SOT from W/ferrimagnet heterostructures has yet to be reported. We employ the same characterization procedure for W( W t )/Co-Fe-B(1.4)
heterostructures on our W( W t )/Co-Tb(10) heterostructures. As shown in Fig. 5(a) , the Co 63 Tb 37 (10) We summarize the W thickness dependence of out-of-plane field c H and DL-SOT efficiency DL ξ for W( W t )/Co-Tb(10) in Fig. 6(a) 
B. DL-SOT switching
Note that current-induced DL-SOT switching cannot be realized in W( W t )/Co-Tb(10) devices, as can be predicted by the switching phase diagrams Fig. 5 (c) and (d). For example, 10 mA sw I > is required to see possible current-induced switching in the W(3)/Co-Tb(10) device, but a current this large will typically destroy our samples. To achieve DL-SOT switching, we further reduce the thickness of deposited Co-Tb from 10 nm to 3.5 nm. In this thin Co-Tb case, the coercive field of Co-Tb is reduced to 10 Oe c H ≈ , which is beneficial for observing magnetization switching due to a lower depinning field. In Fig. 6(d comparative studies therefore suggest that both ferromagnetic and ferrimagnetic layers can be controlled by the SHE of W, and the current-induced loop shift technique can not only be utilized to quantitatively determine the DL-SOT efficiencies, but also be employed to predict the feasibility of current-induced DL-SOT switching from various magnetic heterostructures. 
